Abstract: Low-density polyethylene (PE) containing nano-particulate clay was prepared after functionalization with maleic anhydride (MA) by reactive grafting in the presence of peroxide followed by blending of maleated PE with neat polymer in different concentrations. Four classes of composites were obtained: (i) exfoliated, (ii) intercalated, (iii) microcomposites, and (iv) intermediate of intercalated and microcomposites, as evidenced by wide-angle X-ray diffraction. All samples were kept for artificial UV irradiation (λ ≥ 290 nm) and for composting to study their photo-and bio-durability. Fourier-transform IR spectroscopy (FT-IR) and scanning electron microscopy were used to monitor the functional group and morphological changes, respectively, whereas biodurability was evaluated by measuring the weight loss. MA functionalization and nature of composites have detrimental effects on the overall durability of composites. Nanocomposites showed higher resistance than microcomposites during initial weathering and composting with a long induction period. The stability of nanocomposites decreases with time and overall durability was worse than of pristine polymer in both environments. It was concluded that the initial protection is due to the filler-generated long diffusion path, which decreases the oxygen diffusion through the matrix. The bio-durability of composites decreased with oxo-degradation. Biodegradation of PE nanocomposites during composting follows the mechanism described by Albertsson et al. as evidenced by FT-IR spectroscopy.
Introduction
Polymer composites can be used in many different forms ranging from structural composites in the construction industry to the high-technology composites of the aerospace and space satellite industries [1] . It is well established that the stress transfer from polymer matrix to filler decides the fate of a composite in terms of its different properties. The material properties of polymer composites are strongly dependent on the degree of intimate contact between the phases. In recent years it has been found that layered-silicates filled polymer composites often exhibit remarkable improvement of mechanical, thermal and physicochemical properties when compared with pure polymer even at very low filler concentration due to nanolevel interactions with the polymer matrix [2] . These layered silicates have attracted great attention because of their cheapness, easy availability and high aspect ratio, which gives greater possibilities of energy transfer from one phase to another. To ensure the best product, usually either a surfactant/modifier in clay is adequate to offer sufficient excess enthalpy for the promotion of complete and homogenous dispersion of mineral filler in polymer or a functionality in the host matrix is required [3, 4] . Nanocomposites of polyolefins, e.g., polyethylene (PE) and polypropylene (PP), with enhanced material properties have been prepared [5, 6] in order to improve their competitiveness for engineering plastics applications. Performance during use is a key feature of any such type of material/composites [7, 8] , which decides the real fate of products during use in outdoor applications. PP nanocomposites were found more degradable than pure PP under UV irradiation [9] ; however, the cause of this behaviour was not explained in detail. Similarly, nanocomposites of PE were found less durable in comparison to pristine PE under UV exposure and the acceleration of photodegradation was attributed to clay and modifier [10] . In the present report we study the oxo/bio-durability of PE nanocomposites under accelerated weathering followed by biodegradation in composting for the first time. A further objective was to study the effect of layered silicate on the bioassimilation mechanisms. FT-IR spectroscopy was used to monitor the functional groups during accelerated weathering and composting. Biodegradability was measured by the variation in weight while samples were kept in a composting environment. Morphological changes and the extent of filler dispersion were evaluated by scanning electron microscopy (SEM) and wideangle X-ray diffraction (WAXD), respectively.
Experimental part

Materials
Clay, Closite 20A (CL20), modified with dimethyl dehydrogenated tallow ammonium ion (2 CH 3 N + HT, where HT is hydrogenated tallow, ≈65% C18; ≈30% C16; ≈5% C14; anion: chloride) containing 30% modifier (measured with a Perkin Elmer TGA-7 instrument at a flow rate of 10°C/min) was from Southern Clay Products, Inc. Lowdensity polyethylene (PE) (Indothene 16 MA 400) was kindly supplied by M/s Indian Petrochemicals Corp. Baroda, India. Maleic anhydride (MA) (E. Merck, India) was recrystallized from chloroform before use.
Preparation of nanocomposites and characterization
PE nanocomposites were prepared by melt compounding at 140°C using a Brabender mixer having a chamber size of 50 cm 3 with a screw speed of 60 rpm for 20 min, after maleation by direct mixing of maleic anhydride and peroxide. These samples were moulded into thin films (≈100 µm, 5 x 5 cm) at 140 ± 2°C by applying 150 kg/cm 2 pressure for 30 s between two Teflon sheets using a preheated hydraulic press. Films were quenched cooled for 2 min. Maleated PE (LM) was melt blended with neat PE (LP) and different compositions were made having a constant filler concentration of 5% (w/w) where the composites with higher content of LM were considered as LM/clay composites. The WAXD pattern of samples was obtained by a Rigaku (Japan) diffractometer with Cu-K α radiation at 50 kV in the scan range of 2θ from 2° to 10° with a scan rate of 1°/min. The d-spacing was calculated by Bragg's equation where λ was 0.154 nm. The grafting efficiency [11] of MA was evaluated by elemental analysis and FT-IR spectroscopy after drying for 24 h at 110°C in vacuum. For SEM, all UV exposed films were placed in stoppered bottles containing osmium tetraoxide (2% aqueous) and allowed to stand for 48 h, followed by washing with water and dry ethanol. These stained samples were dried in vacuum for 24 h at 50°C and coated with gold to examine under an electron microscope (Leica Cambridge Stereoscan 440 model) for morphological changes. FT-IR (Fourier-transform IR 16 PC spectrometer) was used to characterize the photo-oxidation in the polymer films and interest was mainly focused on the changes in the hydroxyl (3700 -3100 cm -1 ) and carbonyl regions (1600 -1800 cm -1 ).
Durability evaluation
Photo-irradiation of the films was carried out in an accelerated weathering chamber (SEPAP 12/24, M/s Materiel Physico Chimique, Neuilly/Marne, France) at 60°C. The chamber consists of 4 x 400 W medium pressure mercury vapour lamps supplying radiation longer than 290 nm. The details of the equipment are described elsewhere [12] . Composting studies (5 x 5 cm films, 5 replicates) were carried out as previously reported [13] [14] [15] . The bin was covered with small fragments of green grass and moisture content was maintained by periodically spraying of water. To avoid anaerobic conditions, the bin was constantly aerated with oxygen through a hollow tube. Temperature was dependent on the climatic conditions and temperature inside the compost chamber was always higher than in the surrounding. It increased rapidly during the last days of incubation after extra addition of microbe nutrients. The samples were kept inside the compost at ≈1 m depth. Biodegradability was determined by measuring the weight loss of composted samples after thorough washing and drying in vacuum until constant weight was obtained.
Results and discussion
Structure of composites
Chemical modification of PE/PP is essentially required to improve phase adhesion with clay. The bands at 1720, 1640, 1784, and 1791 cm -1 were attributed to the carbonyl group reacted with moisture from anhydride, vinylic groups generated due to chain scission during processing, MA oligomer and MA single unit, respectively. The peaks at 1360 and 1580 cm -1 indicate absence of the anionic form of anhydride with one carboxylic acid, i.e., MA is present either as a dicarboxylic acid dimer or in the cyclic form. This was confirmed by the appearance of peaks at 1780 and 1863 cm -1 for the cyclic anhydride and at 1718 cm -1 for the carboxylic acid dimer. Presence of the dimer was confirmed by the O-H stretching peak at 3200 -3300 cm -1 because the cyclic dimer has a centre of symmetry. The disappearance of the characteristic absorption band for out-of-plane deformation of -CH at 722 cm -1 may be due to the sublimation and cyclization of unreacted maleic anhydride. Fig. 1 shows spectra of LM with different composition where the absorbance decreases with the increase in LP. The nature of composites with respect to the dispersion extent (DE) is shown in Tab. 1, with a schematic representation in Fig. 2 . It was possible to classify [16] all candidates by inspection of the WAXD patterns in order to understand the effect of clay dispersion on photodegradation and biodegradation. The 'A' series represents nanoscale dispersion (++++), 'B' represents an exfoliated structure with preserved periodicity (+++), 'C' indicates an intermediate of intercalated and microcomposites (++), and 'D' are microcomposites (+). As soon as we decreased the functionalization extent by adding LP to LM the agglomeration of CL20 started and the tendency toward formation of microcomposites increased. Specimens with similar WAXD patterns were kept in the same series whereas the DE in one series may not be absolutely the same due to the difference in polarities. The remaining samples were typical microcomposites as there was no change in the peak of CL20. Thus nanocomposites could be obtained up to a certain functionality where the surface energy matching was sufficient to allow penetration of chains through the silicate layers. 
Photodegradability of composites
Photodegradation products A good understanding of oxidative degradation reactions under UV light may predict the active life of a synthetic polymer and its composites. FT-IR spectral changes during photooxidative degradation were monitored and interest was mainly focused on carbonyl (1600 -1800 cm -1 ) and hydroxyl group (3600 -3200 cm -1 ) variations upon 50, 100, and 150 h irradiation, as these are the main regions of spectral changes during photodegradation of polyolefins [17] . The spectra sequel of Figs. 3 and 4 depicts the carbonyl region of 90/10 LM/LP composition (++++) and neat film, respectively. Photodegradation products were the same in pristine polymer and composites as evidenced by FT-IR. In general, both groups (hydroxyl, carbonyl) underwent an increase with irradiation time in a traditional way where a very broad hydroxyl absorption region (3700 -3200 cm -1 ) with a maximum centred at 3400 cm -1 during photooxidation appeared due to the neighbouring intramolecular hydrogenbonded hydroperoxide and alcohols. Hydrogen-bonded hydroperoxide (3420 cm -1 ) and associated alcohols (3380 cm -1 ) were also present. The absorptions at 1712, 1722, 1740 and 1785 cm -1 have been assigned to carboxylic acid, ketone, ester and lactones, respectively. The peaks at 1641 cm -1 and 910 cm -1 for trans-vinylene and 989 cm -1 for vinylidene confirm chain scission of the host matrix [18] [19] [20] .
Effect of DE and LM content on photodegradation
After 50 h irradiation, degradation increased with LM concentration in composites regardless of the DE of CL20. This may be either due to the sensitization effect of MA functional groups or to the generation of free radicals during the mixing of peroxide for MA grafting. Those may further propagate the degradation in comparison to neat films. This tentative conclusion was confirmed by studying the behaviour of the 'A' series where degradation increased (< neat PE) with LM content after 50 h while DE was almost the same. Here, it may be concluded that exfoliation, intercalation and microcomposite nature is a recessive factor in comparison to maleation extent to decide the fate of polymer at 60°C under UV light in the presence of air for a longer UV treatment and samples show more stability as soon as we move toward microcomposites. All composites were highly degradable and reached the brittle point earlier than neat film after 150 h of irradiation. MA functionalized polymer (without clay) was better degradable than the one filled with CL20. This indicates that the presence of clay, in any form (microcomposites or nanocomposites), inside the matrix may protect from degradation under UV light up to some extent. Nanoscale dispersion of clay increases the induction period of the samples and degradation initiates with delay. Thus DE of filler affects the induction period whereas LM concentration affects the overall fate of composites after 150 h UV exposure. SEM of 'b' shows a highly cracked surface in comparison to microcomposite 'i' after 150 h irradiation at lower and higher magnifications (Fig. 5a1, a2 , and c). The surface erosion decreases as soon as LP concentration increase as can be seen from the SEM of 'c' (Fig. 5b) . In previous attempts [9, 10] such kind of behaviour (higher stability of nanocomposites for initial UV irradiation) of polyolefin nanocomposites during oxidative degradation could not be observed and the effect of the dispersion state (either nanocomposites or microcomposites) on degradation was not conclusive. The most probable argument must be the slow oxygen diffusion through the matrix due to the increased diffusion path in the presence of clay. The nature of the matrix decides the oxygen diffusion and the degree of packing of chains decreases the number and size distribution of pre-existing voids or holes, since chains are sandwiched between the clay surfaces thus restricting the mobility. The stability was evident from surface morphology also after careful observation of the SEM of sample 'j', a microcomposite, where a slightly cracked surface was found and there were no changes on the surface of 'b' after 50 h irradiation ( Fig. 6a and b) . It is worth to recall that sample 'j' contains less LM (which is highly sensitive to UV light) but it underwent more degradation than nanocomposites 'b' (having more LM concentration) after 50 h. Thus initially, the barrier effect of nanoclay prevents the degradation and overcomes the LM induced photodegradation. This fact was eliminated after longer UV irradiation of samples and degradability increased with LM concentration. The sudden increase in degradability or decrease in stability after 50 h exposure to UV light for exfoliated and intercalated samples may be explained as follows: (i) The chance of intramolecular propagation increases, as neither chains nor oxygen can move freely throughout the matrix as in neat films or phase-separated composites. This restricted motion may generate carbonyl groups in the chains via case formation (the hydroperoxide group may abstract a labile atom, i.e., the tertiary bonded hydrogen at the carbon atom generating an intermediate biradical, which subsequently gives a carbonyl group), which is further helpful to propagate the degradation.
(ii) Another cause may be the nature of termination reactions during degradation, which can again generate free radicals. Nanocomposites must follow the II c path preferably in comparison to II a and II b (Fig. 7) because oxygen pressure inside the matrix should be higher than in the microcomposite and neat samples as oxygen cannot come out so easily from the matrix. To study the effect of modifier on photostability, the samples 'j', 'k' and composites of LP/Closite Na+ (without organic modifier, 2θ = 7.78) were compared during UV irradiation. These all were typical microcomposites as evidenced by WAXD. Here it must be noted that the homogenous dispersion of CL20 in the specimen containing LM ('j') must be more feasible in comparison to other samples due to polarity matching with filler. Higher degradation of 'j' in comparison to all other samples can be attributed to the sensitization of LM, as the modifier was same as in 'k'. Further, the probability of uniform dispersion in 'j' was higher. The higher degradation in this sample indicates that DE cannot overcome the sensitized degradation by LM in the polymer for longer irradiation. We did not detect any significant difference in the durability of 'k' and LP/Closite Na+ composites. This may be indicative of the ineffectiveness of modifier during photodegradation. The role of surfactant is open for speculation at this stage and we cannot neglect the effect of modifier on the degradation mechanisms due to possible reactions with any photodegradation product. More study is required to come to a final conclusion. 
Biodegradability of composites
Samples before and after UV irradiation were kept in compost for 3 months. The variation in weight of the samples is listed in Tab. 2. Specimens (5 replicates) were kept in vacuum at room temperature just after irradiation to reduce any kind of post degradation process before putting in compost. All the unirradiated samples were stable in compost for initial 3 months except pure LM (1.2% weight loss), which was attributed to an initial degradation during processing resulting in the generation of microbes-'loving' photoproducts whereas the same film containing nanofiller was stable in compost. In the case of 50 h irradiated samples, only microcomposites exhibited a weight loss after 2 months. All the 100 h irradiated samples underwent weight loss from first month. The 150 h irradiated samples of 'A', 'B' and 'C' series could not be recovered after 3 months whereas we were able to recover samples of class 'D'. All these results confirm that photodegradation enhances biodegradation [21] [22] [23] [24] because of the microbes-active sites, generated after oxo-degradation, which allow them to consume the material. The initial stability of nanocomposites in compost may be explained in the following ways:
1. The ammonium ion has anti-microbial activity and can inhibit the microbial consumption of the material. This fact was confirmed as amongst unirradiated composite samples, only LM underwent weight loss.
2. The increase in compostability with photodegradation was either due to the generation of microbes-loving photoproducts or the consumption of ammonium ion during photodegradation. Ammonium ion may be consumed during UV exposure and weight loss increase monotonically with LM content. Further the weight loss must not be due to the leaching of some photoproducts/clay, as there was no residue left after 45 h stirring of samples in water at room temperature. It is well established [21] [22] [23] [24] that after photodegradation polyolefins are consumed in the citric acid cycle where functionalized samples may follow the β-oxidation process during microbial degradation, which may lead to a decrease in carbonyl groups. As soon as incubation time increased, the microorganisms consumed the low-molecularweight photoproducts, which existed in higher amounts in the nanocomposites than in other samples. We observed a clear decrease in carbonyl functional groups when investigating unirradiated and 150 h irradiated samples after two months composting, particularly in 'b' and 'd' (Fig. 8) . The surface of 'b' was highly eroded as revealed by SEM (Fig. 9a) where a clear pattern of cracking can be seen. The surface of 'h', a microcomposite (Fig. 9b) , shows two distinct regions, one with holes and the other intact, suggesting the selective consumption of samples by microbes. The presence of cavities on the surface after composting of irradiated samples suggests that microorganisms penetrate the surface during the degradation process. The heterogeneous and eroded surface must be due to a non-uniform distribution of photodegraded products that are preferable sites for microbial consumption. 
Conclusion
The durability evaluation of nanocomposites was performed under accelerated UV weathering and composting conditions. Nanocomposites were better degradable than neat polymer and microcomposites after 150 h irradiation under oxygen at 60°C due to the degradation during processing and maleic anhydride functionalization. The nanocomposites were comparatively stable for the initiation process of photodegradation, which may be attributed to the slower diffusion of oxygen through the matrix. In all samples, clay protects the polymer up to some extent of irradiation and this initial protection time increases with increasing dispersion extent of the filler. The biodegradability also follows same pattern except for initial days when samples were stable in composting, but as soon as the photodegradation time increased the samples of nanocomposites exhibited an increasing weight loss. From FT-IR spectroscopy, it is evident that the low-density polyethylene followed the mechanism of Albertsson et al. [21] during biodegradation. The effect of clay modifier on the stability of nanocomposites under UV irradiation was not observed in our present system, whereas to reach some final conclusion more study may be required. In general it can be concluded that maleated functionalized low-density polyethylene nanocomposites are not durable against biotic as well as accelerated UV environments. Thus, we may get highly improved material properties by nanocomposites but the durability in outdoor application is a challenge and it would be the best way to develop nanocomposites by modification in clay rather than functionalization of thermoplastics to increase the outdoor durability. These nanocomposites must be advantageous from a disposal point of view and may not have waste problems due to their higher degradability.
